The causal gene of a novel small and round seed mutant phenotype ( srs3 ) in rice was identifi ed by map-based cloning and named the SRS3 gene. The SRS3 gene was grouped as a member of the kinesin 13 subfamily. The SRS3 gene codes for a protein of 819 amino acids that contains a kinesin motor domain and a coiled-coil structure. Using scanning electron microscopy, we determined that the cell length of seeds in the longitudinal direction in srs3 is shorter than that in the wild type. The number of cells of seeds in the longitudinal direction in srs3 was not very different from that in the wild type. The result suggests that the small and round seed phenotype of srs3 is due to a reduction in cell length of seeds in the longitudinal direction. The SRS3 protein, which is found in the crude microsomal fraction, is highly expressed in developing organs.
Introduction
Rice yield potential is determined by several factors including seed size (or weight), number of panicles per plant and number of seeds per panicle Ashikari 2008 , Takeda and Matsuoka 2008 ) . Signifi cant progress has been made in our understanding of regulation of seed formation through molecular and genetic studies, and this knowledge can potentially be used for the improvement of rice yield.
Causal genes of a large seed phenotype have been identifi ed by quantitative trait locus analysis, namely GW2 encoding a RING-type protein which functions as an E3 ubiquitin ligase ( Song et al. 2007 ), qSW5 encoding a novel protein with no known domain ( Shoumura et al. 2008 ) and GS3 encoding a membrane protein with various conserved domains ( Fan et al. 2006 , Takano-Kai et al. 2009 ). Loss of GW2 and qSW5 function leads to enhanced seed width, and loss of GS3 function leads to enhanced seed length, both resulting in increased yield. Therefore, genes regulating seed size can potentially be used to increase overall yield. It will be important to reveal the biochemical pathways in which these genes function.
Causal genes of the small (or short) seed phenotype have also been identifi ed as a group of seed size-regulating genes by map-based cloning, namely RGA1 (also named D1 ) encoding the heterotrimeric G protein α subunit ( Ashikari et al. 1999 , Fujisawa et al. 1999 , D11 encoding a cytochrome P450 involved in brassinosteroid (BR) biosynthesis ( Tanabe et al. 2005 ) , D2 and BRD2 encoding an another type of cytochrome P450 involved in BR synthesis ( Hong et al. 2003 , Hong et al. 2005 and D61 (also named OsBRI1 ) encoding the BR receptor ( Yamamuro et al. 2000 ) . These results suggested that the G protein and BR signaling pathways were important in the regulation of seed size. After these studies, it was tested whether these genes were useful to improve the seed size in rice. When a genetically modifi ed chimeric gene for a constitutively active form of the heterotrimeric G protein α subunit (QL) was introduced into the rice mutant d1 , which is defective for the α subunit gene, the seed length and weight were substantially increased in the transformants ( Oki et al. 2005 ) . The result suggested that the enhancement of G protein signaling increased the seed size in rice. It was shown in another study that when a chimeric gene for a sterol C-22 hydroxylase in maize BR biosynthesis (Zm-CYP) was expressed in rice plants the seeds were heavier in the transformants ( Wu et al. 2008 ) . The result suggested that a gene controlling the BR level may be useful for increasing grain yield in crop plants. Thus, the utilization of seed size-regulating genes by genetic engineering approaches has opened up the way to produce improved rice plants with heavier seeds.
Although the heterotrimeric G protein and BR signaling pathways regulate seed size in rice, it is not clear whether other signaling pathway genes have similar effects. A search for new genes that regulate seed size would contribute to resolving this issue. It is likely that any newly discovered genes functioning in this manner would operate in the heterotrimeric G protein and BR signaling pathways. If this were the case, the new discoveries would help in analyzing the precise mechanism of these signaling pathways. If seed sizes could be increased by manipulating newly discovered genes, utilization of the new genes would also open up future possibilities for breeding improved rice plants with larger seeds. The presence of many unidentifi ed genes regulating seed size has been shown in rice ( Nagato and Yoshimura 1998 ). Previously we have reported the rough map position of a new causal gene for the small and round seed phenotype, one of the genes regulating seed size, namely SRS3 on chromosome 5 ( Tanabe et al. 2007 ). Here we report that the SRS3 gene encodes a novel kinesin 13 protein.
Results

Chracterization of srs3, TCM 2092 and TCM 768
Previously, we reported mapping of the srs3 mutant, TCM 1173, derived from mutagenesis of Taichung 65, which was designated as the wild type (WT) herein. The plant type of the srs3 mutant was compared with that of the WT ( Fig. 1 and Table 1 ). In addition to a small and round phenotype, the srs3 mutant exhibited shortened panicles and internodes. This suggests that the SRS3 gene regulates the development of many organs in rice body planning. From characteristic phenotypes such as small seeds and shortened panicles in srs3 , it was considered that the SRS3 gene may have function in regulating cell length or cell number.
The two mutants TCM 2092 and TCM 768 were also compared with the WT ( Fig. 1 and Table 1 ). TCM 2092 and TCM 768 had mutations in the SRS3 gene as described in Fig. 3 , although a test to determine whether TCM 2092 and TCM 768 are allelic to srs3 remains to be carried out. The extent of severity of the abnormalities is in the order TCM 768, TCM 2092 and srs3 . Thus, TCM 768 showed the most severe abnormalities, such as shortened seed, panicle and internode, reduced seed weight and leaf erection at the mature stages. In addition to these characteristics, reduced fertility was clear Comparison of cell length and cell number in the WT and srs3 mutant
Because the srs3 mutant shows the small and round seed phenotype, we postulated two hypothesizes: (i) the cell length in the srs3 mutant is shorter than that of the WT; or (ii) the cell number in the srs3 mutant is less than that of the WT. To confi rm this, the length and width of cells in the inner epidermal tissues of the lemma were analyzed by scanning electron microscopy (SEM). The length and width of 100 cells enclosed within a square were measured ( Fig. 2A, B ). The average cell length in the WT and srs3 was 115.6 ± 27. 6 and 97.6 ± 24.6 µm, respectively ( Fig. 2C and Table 2 ). The cell length in srs3 was reduced by 15.6 % compared with the WT. The difference in cell length between the srs3 mutant and the WT was signifi cant with a P -value <0.001. On the other hand, cell width in srs3 was reduced by only 3 % compared with the WT ( Fig. 2D and Table 2 ). The difference in cell width between the srs3 mutant and the WT was not signifi cant, with a P -value > 0.01. The number of cells in the longitudinal and lateral plane of the seeds was estimated by dividing the tissue length and width by the cell length and width, respectively ( Table 2 ) . The lengthwise estimated cell number in seed of the WT and srs3 was 66.7 and 68.9, respectively. Thus the lengthwise cell number was not different between the WT and srs3 , indicating that the shortened seed length in srs3 was due to a reduction of cell length, but not cell number. The widthwise estimated cell number in seeds of the WT and srs3 was 78.5 and 86, respectively, showing an increase of 10 % in srs3 . The results suggested that loss of SRS3 function may enhance cell division in the lateral direction of the lemma.
Positional cloning of SRS3
Linkage mapping places the SRS3 locus on the short arm of chromosome 5 ( Tanabe et al. 2007 ) . Identifi cation of the SRS3 gene was performed by map-based cloning using F 2 plants from a cross between srs3 , a japonica mutant, and Kasalath, an indica strain. The F 2 plants segregated into two groups in a 3 : 1 ratio; one group showing the normal seed size and the other showing the small and round seeds of srs3. The 1,200 F 2 plants bearing small and round seeds were used for highresolution mapping of the SRS3 locus. The candidate genomic region of srs3 was delimited to a 21 kb interval between markers 3,130 and 3,151 with three recombinant plants ( Fig. 3A ) .
In the candidate region, three genes are annotated in the Rice Annotation Project Database (RAP-DB, http://rapdb.dna .affrc.go.jp/ ): Os05g0154600 (a zinc fi nger, RING-type protein), Os05g0154700 (a kinesin motor domain protein) and Os05g0154800 (U1snRNP-specifi c protein). As the expression levels of these genes in srs3 were not very different from those in the WT, the possibility that the expression levels of these three genes cause the small and round seed phenotype seems to be low. To identify the mutation in srs3 , we have used > 58 sets of PCR primers to generate and sequence cDNA fragments covering these open reading frames. The sequence Average length and width of unhulled seeds are calculated using 10 seeds. Average cell length and width are calculated using 100 cells in a 1 mm portion of the central area of the lemma after heading (mean ± SD). * P = 0.044; * * * P < 0.001. The deduced cell number was calculated by dividing the unhulled seed length by the cell length.
polymorphism we found was in Os05g0154700, suggesting that this gene is the causal gene for the small seed phenotype of the srs3 mutant. We named the gene, SRS3 ( Fig. 3B ). The SRS3 cDNA contains an open reading frame of 819 codons. The SRS3 gene consists of 12 exons and 11 introns. The mutation in the srs3 mutant is a base substitution (C to T) in the ninth exon, resulting in a Leu492 to Phe492 substitution ( Fig. 3C ).
TCM 2092 and TCM 768 have mutations in SRS3
The causal gene of the small and round seed mutant phenotype in TCM 2092 and TCM 768 was localized on the short arm of chromosome 5 (data not shown). Because the candidate causal gene in the srs3 mutant was localized on the short arm of chromosome 5, the SRS3 cDNA sequences in TCM 2092 and TCM 768 were analyzed ( Fig. 3C ). TCM 2092 has one base substitution (G to A) in the 11th intron of the SRS3 gene, resulting in abnormal splicing. The sequence of the abnormal transcript in TCM 2092 is indicated below the genome DNA sequence ( Fig. 3C ). The splicing site between exon 11 and exon 12 of the SRS3 gene, GT-AG, is indicated in blue ( Fig. 3C ). The GTAAG sequence observed between exon 11 and intron 11 of the SRS3 gene, which is a conserved intron splicing site ( Irimia and Roy 2008 ) , is indicated with a short dashed line. The GTAAG sequence in the WT is changed to GTAAA in TCM 2092. The mutated A in TCM 2092 is indicated in Fig. 3C in red. The sequences of the transcripts deduced from the WT and TCM 2092 are shown under the genomic sequence. From the comparison of the genomic DNA and the transcript in TCM 2092, a newly generated splicing site is shown as a fi lled triangle in the genome sequence of TCM 2092. The newly generated stop codon found in the transcript of TCM 2092 is underlined. The newly generated splicing sequence GTACT in TCM 2092, shown with a long dashed line, was not similar to the conserved sequence GTAAG and it was not clear why the sequence GTACT was preferred for splicing in TCM 2092. As a consequence of abnormal splicing, the mutated SRS3 protein in TCM 2092 is predicted to be 762 amino acids long. TCM 768 has a nonsense mutation (T to A) in exon 5, resulting in a truncated 243 amino acid long protein.
Suppression of SRS3 gene expression and complementation test
To confi rm that SRS3 is the causal gene for the small seed phenotype of the srs3 mutant, we generated SRS3 knockdown mutants using RNA interference (RNAi)-mediated gene silencing ( Fig. 4A ). Seeds (T 1 generation) set in three independent primary transformants (T 0 generation) exhibited the characteristic small and round phenotype ( Fig. 4B ). The amounts of SRS3 proteins were greatly reduced in SRS3 knockdown transgenic plants ( Fig. 4D ). The result demonstrates that the causal gene for srs3 is the SRS3 gene. The seed sizes in silenced transgenic plants are summarized in Table 3 . The seed length in silenced transgenic plants is reduced (from 5.14 to 5.25 mm) compared with that in the WT (7.16 mm). Seed width in silenced transgenic plants is slightly increased (from 3.72 to 3.76 mm) compared with that in the WT (3.23 mm). Next we performed a complementation test. The entire sequence of the SRS3 cDNA under the control of the ubiquitin promoter was introduced into TCM 2092 using Agrobacterium tumefaciens -mediated transformation ( Fig. 4E ). Transgenic plants expressing the induced SRS3 gene were confi rmed by reverse transcription-PCR (RT-PCR). Seven independent transgenic plants out of 15 which were regenerated showed a rescued phenotype. A seed of a transgenic plant expressing the induced SRS3 gene (line 1) is shown in Fig. 4F . The seed sizes in two rescued transgenic plants are summarized in Table 3 . Seed length in the transgenic plants expressing the SRS3 gene was increased (from 6.53 to 6.86 mm) compared with that in TCM 2092 (5.16 mm). Seed width in the transgenic plants expressing the SRS3 gene was reduced (from 3.14 to 3.32 mm) compared with that in TCM 2092 (3.69 mm). In this study, the transgenic plants expressing the induced SRS3 gene in TCM 2092 were not completely rescued up to the WT. The reasons are that the mutated SRS3 proteins in TCM 2092 may compete with the normal SRS3 proteins introduced or the ubiquitin promoter may not fully function in seed development. Transformation with a control vector that contained no insert had no apparent effect on TCM 2092 phenotype. These results suggested that the SRS3 gene rescued the small and round phenotype of TCM 2092 .
SRS3 is a putative kinesin 13 protein
BLAST searches revealed that the deduced amino acid sequence of the SRS3 protein showed considerable similarity to that of previously reported kinesins from Arabidopsis and rice: 62 % identity and 73 % similarity with the AtKinesin13A protein from Arabidopsis thaliana ( Lu et al. 2005 ) , 69 % identity and 81 % similarity with AtKinesin13B from A. thaliana ( Guo et al. 2009 ), (2,500, 2,859, 3,130, 3,151, 3,172, 3,247 and 3,599) and the numbers of recombinants are indicated below the linkage map. The three candidate genes for the srs3 mutation, namely Os05g0154600, Os05g0154700 and Os05g0154800, were present between markers 3,130 and 3,151. and 62 % identity and 73 % similarity with Os01g0625200, a putative kinesin 13 protein from rice ( Guo et al. 2009 ). Phylogenic analysis revealed that the SRS3 protein belongs to the kinesin 13 subfamily ( Fig. 5 ) .
The kinesin motor domain, comprising fi ve motifs, namely N1 (P-loop), N2 (Switch I), N3 (Switch II), N4 and L2 (KVD fi nger), has been well characterized in mammals ( Ogawa et al. 2004 , Moores and Milligan 2006 ) . The amino acid sequences of SRS3 and several putative kinesin 13 proteins from Arabidopsis and human were compared ( Fig. 6 ). All the domains, including the KVD fi nger (L2) which is specifi c to the kinesin 13 family, are well conserved. The mutations in srs3 and TCM 768 are in the kinesin motor domain. The mutation in srs3 was not in the nucleotide-binding motifs. Thus, it is considered that the Line 1 6.86 ± 0.4 * * * 3.32 ± 0.3 * * * Line 9 6.53 ± 0.4 * * * 3.14 ± 0.2 * * Data are the average of 12 seed samples ( ± SD). * P < 0.05; * * P < 0.01; * * * P < 0.001. conformation of the entire motor domain may be important for the kinesin activity. In TCM 768, the kinesin motor domain was mostly lost due to the premature stop codon generated by the mutation. Two coiled-coil structures were identifi ed in all human kinesin proteins, except for HsKif2b; one is located in the neck linker and the other in the C-terminal part. The neck linker found in human kinesin proteins is not conserved in plants. A SMART database ( http://smart.embl-heidelberg.de/ ) analysis revealed the presence of only one coiled-coil structure in A. thaliana and rice kinesin proteins. The mutation in TCM 2092 is located in the coiled-coil structure which is present in the C-terminal part ( Fig. 6 ). Our results suggest that the coiled-coil structure of the SRS3 protein is important for seed formation and body planning in rice.
Intracellular localization of SRS3 protein
Western blot was performed to determine the intracellular localization of the SRS3 protein. Four fractions, namely pellets of 1,000 × g , 10,000 × g and 100,000 × g and the supernatant, were analyzed by Western blot, using the anti-SRS3 antibodies raised against the C-terminus of the SRS3 protein ( Fig. 7A ). The SRS3 protein has a calculated mol. wt of 90.4 kDa. Several proteins of sizes around 100 kDa cross-reacted with the anti-SRS3 antibodies ( Fig. 7B ) .
To detect the presence of the SRS3 protein, we probed protein extracts of srs3 , TCM 2092 and TCM 768 with the anti-SRS3 antibodies. The predicted open reading frames of the mutated SRS3 proteins of srs3 , TCM 2092 and TCM 768 are 819, 762 and 243 amino acids long, respectively. Specifi c cross-reactions with proteins of the estimated molecular size were detected in the crude microsomal fractions of srs3 and TCM 2092 ( Fig. 7C ). As expected, no cross-reaction was observed with protein extracts in TCM 768 because the antibodies were raised against the C-terminal part the protein ( Fig. 7A ) . From these results, we concluded that the 110 kDa polypeptide localized in the crude microsomal fractions was the SRS3 protein.
Expression of SRS3
Accumulation of SRS3 transcripts and SRS3 protein during the rice life cycle was investigated by real-time RT-PCR and Western blot. First, we found expression of SRS3 protein in all organs examined, namely aerial parts, roots, internodes and panicles before and after heading ( Fig. 8A , left panel) . We then examined the expression profi le of SRS3 protein at various developmental stages. At the L4 stage, where the fi rst (L1), second (L2) and third (L3) leaves have fi nished growing, the fourth leaf is in a developing stage ( Fig. 8A , middle panel) . The SRS3 protein was detected mostly in the fourth leave (L4) at this stage. This shows that the SRS3 protein is highly expressed in developing organs. The amount of SRS3 protein during development of the panicle was also studied ( Fig. 8A , right panel) . The results indicate that the amount of SRS3 protein is higher in developing panicles compared with more developed panicles ( Fig. 8B ) . The results of real-time RT-PCR analyses of SRS3 mRNA are shown in Fig. 8C . The amount of SRS3 mRNA was normalized to the amount of OsUbiquitin1 mRNA. SRS3 mRNA expression did not seem to correlate with the expression profi les of the SRS3 protein in roots, leaves and young panicles. 
Discussion
Previously, shortened seeds in rice have been observed in d1 , a heterotrimeric G protein α subunit mutant ( Ashikari et al. 1999 , Fujisawa et al. 1999 , and BR-related mutants, namely d2 ( Hong et al. 2003 ) , d11 ( Tanabe et al. 2005 ) , brd2 ( Hong et al. 2005 ) and d61 , also named the OsBRI mutant ( Yamamuro et al. 2000 ) . These genes have different functions in rice plant architecture. Here, we report the molecular characterization of the small and round seed mutant srs3 in rice. The srs3 , d1 and BR-related mutants have common characteristic phenotypes, namely shortened seeds and erect leaves ( Fig. 1 and Table 1 ). However, they also exhibited some specifi c phenotypes. The length of the basal rachis internode in srs3 is similar to that in the WT; in contrast, it is longer in BR-related mutants and shorter in d1. The length of the second internode in srs3 is slightly shorter than in the WT, whereas in d1 and BR-related mutants it is remarkably shorter than in the WT. It is likely that the differences in plant type between srs3 , d1 and BR-related mutants suggest that each gene has a distinct function in regulating plant development.
Our results show that the shortened seed phenotype of the srs3 mutant is most probably the result of a reduction in cell length in the longitudinal direction as shown by the epidermal cells in the lemma ( Fig. 2 and Table 2 ). This is similar to the The motor domain containing ATPase activity is framed as the black rectangle. The nucleotide-binding motifs, N1 (P-loop), N2 (Switch I), N3 (Switch II) and N4, are framed in yellow ( Moores and Milligan 2006 ) . The L2 (KVD fi nger) motif conserved among kinesin 13 subfamily is framed in red. The neck linker is indicated by a blue line. The coiled-coil structure predicted using the SMART analysis tool is framed in green.
short internode phenotype in the d61-2 mutant that was shown to be due to shortened cell length ( Yamamuro et al. 2000 ) . Likewise, the small seed in the BR-related mutants may also be due to reduced cell length. On the other hand, the cause of the small seed phenotype in the d1-5 mutant is due to a reduction in cell number ( Izawa et al. 2010 ) . As the genetic background of srs3 and d1-5 is Taichung 65 and Nipponbare, respectively, the analysis of the function of these genes in the same genetic background will be necessary to clarify whether the SRS3 gene regulates only cell elongation and the D1 gene regulates only cell division.
We have shown that the causal gene for a novel small and round seed phenotype of srs3 codes for a protein that belongs to the kinesin superfamily ( Figs. 5 , 6 ). The kinesins constitute a large family of proteins in mammals ( Lawrence et al. 2004 , Hirokawa and Noda 2008 ) , Arabidopsis Day 2001 , Lee and Liu 2004 ) and rice ( Richardson et al. 2006 ) . Kinesins are microtubule-associated proteins that can generate movement. They are involved in several cellular functions including mitosis and intracellular movement of vesicles and organelles.
The specifi c functions of each kinesin are reviewed by Hirokawa and Noda (2008) . The SRS3 protein falls into the kinesin 13 subfamily. In higher plants a putative kinesin 13 protein, Os01g0625200 ( Guo et al. 2009 ) in rice and AtKinesin13A ( Lu et al. 2005 ) and AtKinesin13B ( Guo et al. 2009 ) in Arabidopsis also fall in the kinesin 13 subfamily. The SRS3 protein may be an ortholog or homolog of the AtKinesin13A protein, on the basis of amino acid sequence homology ( Fig. 6 ).
Kinesin 13 proteins HsKif2a, HsKif2b and HsKif2c/MCAK are well characterized in humans ( Manning et al. 2007 ) , and DmKlp10A, DmKlp59C ( Roger et al. 2004 ) and DmKlp59D ( Rath et al. 2009 ) in Drosophila . In all cases, the kinesin 13 proteins regulate microtubule depolymerization and are concerned with cytokinesis in mammals and Drosophila . In addition, it is known that individual kinesins may have multiple functions. For example, KIF2A controls a microtubule array during the interphase and regulates extension of the neurite in mammals ( Homma et al. 2003 , Moores and Milligan 2006 , Hirokawa and Noda 2008 , and a KIF2A knockout mouse shows abnormalities in the axonal growth of cells ( Homma et al. 2003 ) . These results showed that KIF2A, a kinesin 13 protein in mammals, had different functions, i.e. the regulation of cytokinesis and the regulation of cell elongation.
The SRS3 protein regulates the cell elongation in seed formation ( Fig. 2 ) . The result is in agreement with the fact that AtKinesin13A regulates elongation of the trichomes in Arabidopsis ( Lu et al. 2005 ) . AtKinesin13A mutants in Arabidopsis have an abnormal trichome phenotype ( Lu et al. 2005 ) . The trichome consists of a single cell, and the direction of cell elongation is dependent on the orientation of microtubules and microfi laments ( Mathur and Chua 2000 ) . Thus, abnormal trichomes in the AtKinesin13A mutants may be due to impaired orientation of microtubules or microfi laments, which in turn affect the direction of cell elongation. The SRS3 protein may also be involved in the regulation of both cell elongation and cell division in leaf development ( Fig. 8 ) . At the stage where L4 leaves are developing (L4 stage), the SRS3 protein accumulates most in L4 leaves, where it may be involved in cell division and/or cell elongation. If the SRS3 protein regulates cell division, it may have a function similar to AtKinesin13A proteins localized in Golgi-associated vesicles, which are involved in vesicle formation and budding in Arabidopsis root cap peripheral cells ( Wei et al. 2009 ). In higher plants, the cytoskeletal phragmoplast plays an important role in cytokinesis. It acts to guide the movement of Golgi-associated vesicles containing cell wall components during cell division ( Smith 2002 ) . The fact that the AtKinesin13A proteins are localized in Golgi-associated vesicles in root cap cells suggests that they may be connected with cytokinesis via the phragmoplast. The SRS3 protein also accumulates in L1, L2 and L3 leaves at the L4 stage, in addition to L4 leaves ( Fig. 8 ) . As L1, L2 and L3 leaves have stopped cell division at the L4 stage, the SRS3 protein in these leaves may be involved in cell elongation. The function of the SRS3 protein in these leaves may be similar to that of AtKinesin13A in trichomes in Arabidopsis ( Lu et al. 2005 ). The SRS3 protein may have multiple functions, i.e. cell elongation and cell division, as is the case for AtKinesin13A ( Lu et al. 2005 , Wei et al. 2009 ).
We determined that the SRS3 protein is located in the crude microsomal fraction ( Fig. 7 ) . Since the crude microsomal fraction contains the Golgi apparatus and Golgi-associated vesicles, there is a possibility that the SRS3 protein is localized in the Golgi apparatus and/or Golgi-associated vesicles. The signal sequence for the integration into the endoplasmic reticulum was not found in the SRS3 protein sequence by SMART database analysis, suggesting that the SRS3 protein is not inserted into the endoplasmic reticulum and is not a membrane transport protein. When the SRS3 protein is localized in the Golgi apparatus and/or Golgi-associated vesicles, it may bind to the cytoplasmic side of these. In either case, the fi nding that the SRS3 protein is localized in the crude microsomal fraction suggests that the functions of SRS3 protein are similar to those of AtKinasin13A localized in the Golgi apparatus ( Lu et al. 2005 ) and/or Golgi-associated vesicles ( Wei et al. 2009 ), namely cell division and/or cell elongation.
Finally, the mechanism of regulation of seed size is not clear. In order to address this question, it will be helpful to carry out genetic studies using double mutants of cell length-regulating genes GS3 , SRS3 and BR-related genes. These studies will be useful to determine the relationship among these genes. It will be also important to fi nd out whether the genes regulating seed length, seed width and seed number function independently of each other in seed formation. The identifi cation of new genes limiting the seed size will also be helpful in understanding the regulation of seed size at the molecular level.
Materials and Methods
Plant materials
WT rice plant ( Oryza sativa L. cv. Taichung 65) and three small and round seed mutants, TCM 1173, TCM 2092 and TCM 768, which were derived from mutagenesis of the WT by N -methyl-N -nitrosourea treatment were used in the study. Previously, we renamed the TCM 1173 mutant, srs3 ( Tanabe et al. 2007 ) , and the srs3 mutant was used for mapping of the SRS3 gene. Rice plants were grown in a greenhouse at 30 ° C (day) and 25 ° C (night) or in the fi eld.
Mapping of the SRS3 gene
For SRS3 mapping, we used Kasalath ( indica ) as a parental line to develop the F 2 population. The SRS3 locus has previously been mapped to the long arm of chromosome 5 ( Tanabe et al. 2007 ). To increase mapping resolution, we analyzed the genomic DNA from leaves of 1,200 F 2 plants bearing small and round seeds (F 3 seeds). The genomic DNA was extracted by the cetyltrimethylammonium bromide method ( Murray and Thompson 1980 ) . The genetic linkage between the SRS3 locus and molecular markers was determined by PCR using the sequence tagged site (STS) markers reported by the Rice Genome Research Program ( http://rgp.dna.affrc.go.jp/J/index .html ) and microsatellite markers ( McCouch et al. 2002 ) . In addition to these markers, eight primers for the four STS markers on rice chromosome 5 were used: 2859F (5 ′ -TGCA GACATAGAGAAGGAAGTG-3 ′ ) and 2859R (5 ′ -AGCAACAG CACAACTTGATG-3 ′ ); 3130F (5 ′ -GACGCCAATGATGGAAG AGG-3 ′ ) and 3130R (5 ′ -ATGTTGGTCCATTAGCGATGC-3 ′ ); 3151F (5 ′ -TTTTGTGGTCCCCTGATTCAG-3 ′ ) and 3151R (5 ′ -CCTCCACTTAGCACCGTGCT-3 ′ ); and 3172F (5 ′ -CCGT GGATTCAAGGTCTAAG-3 ′ ) and 3172R (5 ′ -AACATTGTCTT CTTGCCCAC-3 ′ ).
The PCR conditions were 94 ° C for 2 min, 94 ° C for 30 s, 55 ° C for 30 s and 72 ° C for 1 min in 30 cycles.
For the identifi cation of the causal gene in srs3 , 58 sets of PCR primers were designed in the candidate region between markers 3,130 and 3,151. The amplifi ed DNA fragments were directly sequenced without cloning, using the same primers as for amplifi cation.
Phylogenetic analysis
The amino acid sequences of the motor domain region of selected kinesins were used for the phylogenetic tree analysis. The structural relationship was calculated by ClustalW and illustrated by Treeview. Sequence data from this article have been deposited in the EMBL/GenBank data libraries. The accession number for the sequences used for the phylogenetic analysis are indicated in parentheses. Kinesin 13: SRS3 protein (AB531488) and a putative kinesin 13 protein (Os01g0625200) from rice, AtKinesin13A (AY056129) and AtKinesin13B (AT3g16060) 
RNA isolation and RT-PCR analysis
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, Hilden, Germany) cDNAs were synthesized from total RNA using the SuperScript III system (Invitrogen, Carlsbad, CA, USA).
For the analysis of SRS3 transcripts in the WT, srs3 , TCM 2092 and TCM 768, the full-length SRS3 cDNA was amplifi ed using the primers SRS3-F, 5 ′ -TCCCGGCCTGACCTCTCTAC-3 ′ ; and SRS3-R, 5 ′ -CAAAGTCGCCGAGAGATGAC-3 ′ ; and the KOD-FX (TOYOBO Ltd., Osaka, Japan). The PCR conditions were 94 ° C for 2 min, 98 ° C for 10 s and 68 ° C for 3 min in 30 cycles. The amplifi ed cDNA fragments were directly sequenced without cloning on an ABI PRISM 3100 Genetic Analyzer, using several primers designed on the basis of sequences in the predicted open reading frame.
For the quantifi cation of SRS3 mRNA, real-time RT-PCR was carried out with the SYBR Premix Ex Taq ™ II (TAKARA BIO INC., Tokyo, Japan). Two primers, forward 5 ′ -CTCTTCT ATGGAACCTGACAG-3 ′ /reverse 5 ′ -CTGAGAAGCTGAAGCA GATG-3 ′ , were used to amplify a 360 bp cDNA fragment of the SRS3 gene. Two primers, forward 5 ′ -CTTGGTCGTGTCCC GTTTC-3 ′ /reverse 5 ′ -TTCTTCCATGCTGCTCTACCAC-3 ′ , were used to amplify the OsUbiquitin1 gene (accession No. Os060681400). PCR products were quantifi ed by real-time RT-PCR using a Thermal Cycler Dice Real Time System (TAKARA BIO INC.).
Suppression of SRS3 gene expression by RNAi
For RNAi of the SRS3 gene, a fragment from nucleotide 1 to 515 of SRS3 WT cDNA was amplifi ed by PCR using two primers (SRS3-RNAi-F, 5 ′ -CACCATGGGGGACTCCGGGGACG CCGTC-3 ′ /SRS3-RNAi-R, 5 ′ -CCTGGAAGCATGTCATCATC-3 ′ ) and subcloned into an entry vector pENTER/D-TOPO (Invitrogen) to obtain the pENTER-SRS3-RNAi, and the entire sequence of the insert was confi rmed. The cDNA fragment of SRS3 in pENTER-SRS3-RNAi was inserted into a binary vector pANDA ( Miki et al. 2004 ) by the gateway method, to obtain pANDA-SRS3-RNAi. The cDNA fragments were inserted into two recombination sites in the opposite direction so that the GUS ( β -glucuronidase) linker sequence was fl anked by the two inverted repeats in pANDA-SRS3-RNAi. The SRS3 cDNA was placed under the control of the ubiquitin promoter in pANDA. The pANDA-SRS3-RNAi was introduced into A, tumefaciens , EHA101, and the resulting strain was used to transform WT rice to generate RNAi lines.
The GUS gene integrated in rice transformants was detected by PCR using two PCR primers for the GUS gene (GUS forward, 5 ′ -AGAGATGCTCGACTGGGCAG-3 ′ /GUS reverse, 5 ′ -TCGGTGTACATTGAGTGCAG-3 ′ ). The PCR conditions were 94 ° C for 2 min, 94 ° C for 15 s, 55 ° C for 30 s and 72 ° C for 30 s for 25 cycles.
Complementation test
For the complementation test, the full-length cDNA of SRS3 in the WT was subcloned in an entry vector pENTER/D-TOPO (Invitrogen) to obtain pENTER-SRS3, and the entire sequences were confi rmed.
The DNA fragment containing a full-length SRS3 cDNA in pENTER-SRS3 was inserted into a binary vector p2KG by the gateway method, to obtain p2KG-SRS3. The SRS3 cDNA was controlled under the ubiquitin promoter in p2KG. p2KG-SRS3 was introduced into A. tumefaciens EHA101 . The rice transformants were generated from TCM 2092 using the A. tumefaciens -mediated transformation method.
Production of fusion proteins
A cDNA fragment encoding the amino acid sequence from 549 to 815 of SRS3 protein was amplifi ed by PCR using pENTER-SRS3 as a template. The fragment was digested with Bam HI and Hin dIII (TOYOBO) and ligated into the pET32a vector (Novagen, Merck, Darmstadt, Germany) digested with Bam HI and Hin dIII (TOYOBO) to obtain pET32a-SRS3. The vector was transformed in BL21(DE3) pLys cells (Novagen, Merck Ltd., Japan). The SRS3-His-tagged protein was induced and purifi ed according to a previously described method ( Iwasaki et al. 1997 ).
Antibody production
Polyclonal antibody against the SRS3 protein was raised in rabbits by immunization with purifi ed SRS3-His-tagged protein.
Preparation of the intracellular membrane fractions
Seedlings grown in a growth chamber under 14 h light at 30 ° C and 10 h darkness at 25 ° C for 7 d were used for the preparation of the intracellular membrane fractions, according to a previously described method ( Iwasaki et al. 1997 ) . Briefl y, the aerial parts were homogenized with 3 vols. of the grinding buffer (0.5 M sucrose, 75 mM 3-N -morpholino propansulfonic acid (MOPS), 5 mM EDTA, 5 mM ethyleneglycol bis(2-aminoethylether)tetraacetic acid (EGTA) and 10 mM KF pH 7.6). The homogenate was centrifuged at 1,000 × g for 10 min and the pellet was designated as 1K. The supernatant was centrifuged at 10,000 × g for 10 min and the pellet was designated as 10K. The supernatant was centrifuged at 100,000 × g for 60 min and the pellet was designated as 100K; the supernatant was designated as the soluble fraction (Sup).
Western blot analysis
Proteins were separated by SDS-PAGE on a 5-20 % gradient gel (Bio Craft, Tokyo, Japan) and blotted onto a polyvinylidene fl uoride (PVDF) membrane (Immobilon-P; Millipore, Bedford, MD, USA). Western blotting was carried out as described previously ( Kato et al. 2004 ). The amount of SRS3 proteins was quantifi ed using a Multi Gauge Ver 2.2 imaging device (LAS-1000plus, Fujifi lm, Tokyo, Japan).
Preparation of RNAs and proteins from the same sample
Total RNAs and total proteins were prepared from the same sample. First, total RNAs were extracted from 100 mg of tissues, using an RNeasy Mini Kit (QIAGEN). Total RNAs were used for real-time RT-PCR analysis. Total proteins were prepared from the fl ow-through fractions of the RNeasy Mini Kit, as previously described ( Morse et al. 2006 ) . Proteins obtained from 100 mg of tissues were dissolved in 400 µl of a dissociation buffer (50 mM Tris-HCl pH 6.8, 5 % glycerol, 2 % SDS and 4 % 2-mercaptoethanol) for SDS-PAGE and western blot analysis ( Iwasaki et al. 1997 
